Abstract-A novel time-domain physical optics (TDPO) is proposed to determine the transient response of electromagnetic scattering of electrically large homogeneous dielectric targets modeled with triangular facets. Formula of the novel TDPO is derived, in which a time-domain convolution product between the incident plane wave and the time-domain physical-optics (PO) integral is included. The time-domain PO integral is evaluated with a closed-form expression based on a Radon transform interpretation, which makes the novel TDPO highly efficient in speed. The wideband radar cross section (RCS) is conveniently obtained from the transient response with a fast Fourier transform (FFT). Numerical results demonstrate the efficacy of the new method.
INTRODUCTION
In recent years, due to the widespread use of short-impulse communication and ultra-wideband radar systems, more and more interests have been focused on the time-domain electromagnetic scattering analysis [1] [2] [3] . Time-domain versions of various highfrequency techniques are presented in previous work [4, 5] , and the time-domain physical optics (TDPO) plays an important role due to its simplicity and efficiency [6] [7] [8] [9] . Ref. [6] extends the concept of the frequency-domain physical-optics (PO) approximation to the time domain and derives the formulas for TDPO (which will be mentioned as the conventional TDPO here and henceforth) to analyze the perfectly conducting targets. Refs. [7, 8] combine the conventional TDPO with other time-domain methods to calculate the transient scattering of perfectly conducting combinative objects.
So far the TDPO has been widely applied to analysis of perfectly conducting targets. But in the scope of the author's knowledge, it is seldom reported that the homogeneous dielectric object with electrically large size was calculated by the TDPO. Moreover, the time-domain PO integral in the conventional TDPO is evaluated with the tedious and time-consuming numerical integrations, which puts a heavy burden on the computer memory and requires a long solution time. As a result, it is of great importance that the transient scattering of electrically large dielectric objects be determined in an efficient and fast way.
In this paper, a novel version of TDPO is proposed to calculate the transient scattering of electrically large homogeneous dielectric objects. The formula of the novel TDPO is derived with the inverse Fourier transform. This formula contains a time-domain convolution product between the incident plane wave and the time-domain PO integral. The time-domain PO integral is evaluated over the illuminated region of the target with a closed-form expression based on a Radon transform interpretation [10, 11] . Thus the tedious and time-consuming numerical integrations once utilized in the conventional TDPO are avoided, which makes the novel TDPO highly efficient in speed. For illustration purposes, we limit our presentation to the backscattering case. Numerical examples demonstrate the validity and efficiency of the novel TDPO.
FORMULAS OF THE NOVEL TDPO
For plane-wave incidence, the frequency-domain scattered electric field of an arbitrary dielectric target predicted by PO can be written as
where J e and J m are the surface electric current density and magnetic current density on the illuminated surface S l , respectively, r is the distance of the observation point from the origin, r is the position vector of the surface point corresponding to d r , Z 0 is the wave impedance in free space, k is the wave number in free space andk s is the normalized scattered wave vector. J e and J m can be represented as follows Substituting (2) and (3) into (1), considering far-field observation and backscattering case, we obtain
wherek i is the normalized incident wave vector,
Using the Fresnel reflection coefficients on the surface of the dielectric target, we express the reflected electric field as [12] 
where E i ⊥ and E i // are the E polarization and H polarization components of the frequency-domain incident electric field, respectively, and R ⊥ and R // are Fresnel reflection coefficients, which can be represented as
where η 1 and η 2 are the wave impedance for the free space and the dielectric object, respectively,
. θ i and θ t are the incident angle and refracted angle, respectively. Substituting (5) into (4) yields
Assume that the surface S l is composed of N nonoverlapping triangular facets numbered from 1 to N , (8) can be expressed as
where
in which c is the velocity of light in free space. h n (ω) can be interpreted as the frequency-domain PO integral. The time-domain representation is obtained with the inverse Fourier transform [10] 
h n (t) can be interpreted as the time-domain PO integral.
The novel TDPO formula is obtained by performing the inverse Fourier transform to (9)
where E i (t) is the time-domain incident electric field intensity, r c is the retarded time,p is the polarization direction of the incident electric field, and the symbol ' * ' denotes the convolution product, which is calculated directly in time domain and is defined as
where T 1 and T 2 are the starting time and finish time of the time sequence, respectively, and ∆τ is the time step. It should be noted that when the incident wave vector is perpendicular to the target surface, (12) would be invalid. The transient backscattered field under this condition is calculated by
where A is the area of the target surface.
SHADOWING
The time-domain PO integral in (12) is evaluated over the illuminated region of the target surface, so a shadowing processing is performed before the evaluation of the integral. An improved z-buffer algorithm initially used in computer graphics is introduced to perform a fast and accurate shadowing judgment in this paper [13, 14] . Procedure of the shadowing judgment is listed as follows:
(1) The incident plane wave direction is rotated to −z direction of the Cartesian coordinate system. And the triangular facets that form the whole target are numbered and rotated accordingly. Register z-coordinate of the centroid of each rotated facet. (2) The rotated triangular facets are projected to the xoy plane. The projective position of centroid of each facet is calculated and stored. All the facets are initialized to be visible. (3) The size of the buffer is determined in terms of the minimum rectangular region that covers the whole projective region. The buffer is then subdivided into many small buffers and each small buffer is numbered. Each small buffer records information of the facets projected into it. (4) The shadowing relationship is determined by the depth (zcoordinate of the centroid) comparison of the facets projected into the same buffer or adjacent buffers. A facet is considered to be invisible when it satisfies: 1) It is deeper than another facet in the same small buffer or the surrounding eight small buffers and 2) its centroid locates in the projection of the latter facet.
EVALUATION OF THE TIME-DOMAIN PO INTEGRAL
Assume that the area of the nth triangular face S n is denoted as A sn , and the vertex coordinates of S n are denoted as v 1 , v 2 and v 3 . By using the Radon transform described in [10] , h n (t) can be written as
The resolved h n (t) is then substituted into (12) to calculate the transient response of backscattering. Finally the wideband RCS can be obtained with a fast Fourier transform (FFT).
NUMERICAL RESULTS
Several examples are given in order to verify the validity and applicability of the novel TDPO.
Lossless Dielectric Plate
As a first example, we consider the impulsive plane-wave backscattering from a dielectric rectangular plate shown in Fig. 1 
The transient response of the backscattering of the plate is computed by the novel TDPO. It is noted that the convolution product in (12) is calculated directly in time domain. Usually, it is common for the calculation of a convolution product in time domain to resort to the product directly in the frequency domain and then come back in time domain with an inverse fast Fourier transform (IFFT). As a consequence, a similar calculation procedure, named Gordon-IFFT method, is implemented as a reference by using the Gordon formula [15] to compute the frequency-domain response and then applying an IFFT to obtain the time-domain response. The θθ polarized transient response results obtained by different methods are plotted in Fig. 1 . The transient response of a perfectly conducting plate with the same size is also calculated and shown in Fig. 1 as a reference. The transient response of the perfectly conducting plate is obtained by the conventional TDPO and Gordon-IFFT method. It can be seen that the two results of the dielectric plate are well compatible, which illustrates the validity of the novel TDPO. It is found that the magnitude of the scattered field of the dielectric plate is smaller than that of the perfectly conducting plate. The reason is that total reflection happens on the perfectly conducting surface while only part of the incident energy is reflected on the dielectric surface. For a further verification, the wideband monostatic RCS is calculated with a FFT and compared with that obtained by a frequency sweep procedure based on Gordon formula. The wideband RCS results are shown in Fig. 2 . The good agreement of the two results of the dielectric plate again demonstrates the validity of the novel TDPO. The RCS of the dielectric plate is smaller than that of the perfectly conducting plate for the reason mentioned above.
Lossless Dielectric Sphere-cone
As a second example, the backscattering from a sphere-cone for Gaussian-impulse plane-wave incidence is considered. The sphere-cone, which is a simplified model of a missile, is shown in Fig. 3 . The spherecone is composed of a spherical cap and a cone. The half cone angle is α = 7 • , the radius of the spherical cap is 0.0749 m, and the lengths of the cone and the whole sphere-cone are 0.6051 m and 0.6891 m, respectively. The sphere cone has a relative dielectric permittivity ε r = 4.0 and a relative magnetic permeability µ r = 1.0. A Gaussianimpulse plane wave with a bandwidth from 0 to 10 GHz illuminates the model along the −x direction. The time-domain incident electric field is written as
In order to ensure that the target is electrically large in dimension, the effective bandwidth from 5 GHz to 10 GHz is concerned in the following analysis.
The φφ polarized transient response results obtained by different methods are shown in Fig. 3 . It can be seen that the two results are in good agreement. The wideband monostatic RCS results are given in Fig. 4 , which are also well compatible. Thus the validity of the novel TDPO is demonstrated through all these comparisons.
Lossy Dielectric Plate
The targets considered in the above two examples are lossless. Hence, the backscattering from a lossy dielectric plate is calculated in this section. The dielectric plate is made from carbon fiber and has a relative dielectric permittivity ε r = 439.81 − j227.19 and a relative magnetic permeability µ r = 1.0. The size of the plate and the incident Gaussian impulse are the same as those described in Sec. 5.1. The θθ polarized transient response results obtained by novel TDPO and Gordon-IFFT method are plotted in Fig. 5 . It can be seen that the results are in a good agreement. The wideband monostatic RCS results are shown in Fig. 6 , which are also well compatible.
Combined Model
In order to further demonstrate the validity of the shadowing technique provided in Sec. 3, the backscattering from a combined model is discussed in this section. 
The θθ polarized transient response results obtained by different methods are given in Fig. 8 . Multiple scattering is not taken into account here for simplicity. It can be seen from Fig. 8 that the two results show good agreement. The wideband monostatic RCS results are shown in Fig. 9 , which are also well compatible. Thus the shadowing technique is proved to be valid. Figure 9 . Wideband monostatic RCS of the dielectric combined model. 
Speed Analysis
The speed superiority of the novel TDPO over the Gordon-IFFT method is examined as follows. The novel TDPO is a time-domain technique, and the time-domain PO integral is evaluated with a closedform expression based on Radon transform, which avoids the utilization of numerical integrations. As a result, the novel TDPO is faster than the Gordon-IFFT method, in which a frequency sweep procedure is required. A comparison of solution time of different methods is given below for the model shown in Fig. 3 . Assume that the wavelength corresponding to the highest frequency of the Gaussian impulse is denoted as λ c . When the high threshold of the edge length of each triangular facet is set as λ c /4, λ c /2 and λ c , the number of facets that form the sphere-cone will be 9748, 2462 and 640, respectively. With the codes running on a PC with a 3.0 GHz Core 2 Duo processor, the solution time of the novel TDPO and Gordon-IFFT method is compared in Table 1 .
It can be found that the solution time of the novel TDPO is much less than that of the Gordon-IFFT method. Moreover, the more triangular facets there are, the more obvious the time superiority of the novel TDPO is, which is of great value to the transient response analysis of electrically large targets.
CONCLUSION
A novel TDPO is proposed to compute the transient response of scattering of homogeneous dielectric targets modeled by triangular facets. Formula for the novel TDPO is derived with an inverse Fourier transform. The time-domain PO integral in the formula is evaluated by a closed-form expression based on a Radon transform interpretation. The transient response is obtained through a direct time-domain convolution product between the incident electric field and the time-domain PO integral. Numerical examples demonstrate the validity and speed superiority of the novel TDPO. Time-domain multiple scattering is not taken into account in this paper, which is the author's attention now and will be reported in the future.
